The aim of the present study was to determine the roles that externally versus internally oriented CO 2 /H + -sensitive chemoreceptors might play in promoting cardiorespiratory responses to environmental hypercarbia in the air-breathing fish, Hoplerythrinus unitaeniatus (jeju). Fish were exposed to graded hypercarbia (1, 2.5, 5, 10 and 20% CO 2 ) and also to graded levels of environmental acidosis (pH ~7.0, 6.0, 5.8, 5.6, 5.3 and 4.7) equal to the pH levels of the hypercarbic water to distinguish the relative roles of CO 2 versus H + . We also injected boluses of CO 2 -equilibrated solutions (5, 10 and 20% CO 2 ) and acid solutions equilibrated to the same pH as the CO 2 boluses into the caudal vein (internal) and buccal cavity (external) to distinguish between internal and external stimuli. The putative location of the chemoreceptors was determined by bilateral denervation of branches of cranial nerves IX (glossopharyngeal) and X (vagus) to the gills. The data indicate that the chemoreceptors eliciting bradycardia, hypertension and gill ventilatory responses (increased frequency and amplitude) to hypercarbia are exclusively branchial, externally oriented and respond specifically to changes in CO 2 and not H + . Those involved in producing the cardiovascular responses appeared to be distributed across all gill arches while those involved in the gill ventilatory responses were located primarily on the first gill arch. Higher levels of aquatic CO 2 depressed gill ventilation and stimulated air breathing. The chemoreceptors involved in producing air breathing in response to hypercarbia also appeared to be branchial, distributed across all gill arches and responded specifically to changes in aquatic CO 2 . This would suggest that chemoreceptor groups with different orientations (blood versus water) are involved in eliciting air-breathing responses to hypercarbia in jeju.
INTRODUCTION
Acute exposure of fish to aquatic CO 2 (hypercarbia) typically elicits significant increases in the volume of water pumped with each breath (stroke volume) and/or breathing frequency, resulting in an increase in ventilation volume (Janssen and Randall, 1975; Thomas and Le Ruz, 1982; Smith and Jones, 1982; Burleson and Smatresk, 2000; Reid et al., 2000; Perry and McKendry, 2001; Gilmour, 2001; Milsom et al., 2002; Perry and Reid, 2002) . This is usually accompanied by a fall in heart rate (Kent and Peirce, 1978; Perry et al., 1999; Crocker et al., 2000; Reid et al., 2000; Sundin et al., 2000; Perry and Reid, 2002) and an increase in systemic vascular resistance (Perry et al., 1999; ). These responses arise from the stimulation of specific CO 2 /H + chemoreceptors and are not dependent on changes in blood O 2 concentration (Butler and Taylor, 1971; Heisler et al., 1988; Graham et al., 1990; Kinkead and Perry, 1991; Milsom, 1995a; Milsom, 1995b; Perry and Gilmour, 1996; Burleson and Smatresk, 2000; Sundin et al., 2000; Reid et al., 2000; Gilmour, 2001) .
At present, the cardiorespiratory responses to CO 2 /H + in fish are believed to arise primarily, if not exclusively, from receptors distributed throughout the gill arches innervated by the IXth (glossopharyngeal) and Xth (vagus) cranial nerves. It is clear that these receptors in the gills monitor the CO 2 in the water but it is not clear whether they also respond to changes in the CO 2 of arterial blood. There is evidence to suggest both that they do (Janssen and Randall, 1975; Wood and Perry, 1985; Perry and Wood, 1989; Aota et al., 1990; Wood and Munger, 1994; Gilmour and Perry, 1996) and that they do not (Perry et al., 1999; Reid et al., 2000; Sundin et al., 2000; Perry and McKendry, 2001; Perry and Reid, 2002; Gilmour et al., 2005) . The data suggest that the receptors responding to external stimuli respond specifically to changes in CO 2 in the water (not pH) (Neville, 1979; Thomas and Le Ruz, 1982; Reid et al., 2000; Sundin et al., 2000) while, to the extent that there is evidence for ventilatory responses arising from receptors responding to internal stimuli, there is a better correlation between the changes in ventilation and changes in arterial pH rather than arterial P CO2 (partial pressure of CO 2 ) (Heisler et al., 1988; Graham et al., 1990; Wood et al., 1990; Wood and Munger, 1994) .
In most species of air-breathing fish, increases in environmental CO 2 also cause initial significant increases in gill ventilation (Johansen and Lenfant, 1968; Perry et al., 2005) , and, in some of these species, if the increases in aquatic CO 2 are large enough, they lead to inhibition of gill breathing and stimulate air breathing (Jesse et al., 1967; Johansen et al., 1967; Johansen et al., 1970 ; Graham and Baird, 1982; Graham, 1997; Sanchez et al., 2005) . In other species, however, increases in environmental CO 2 are without effect on gill ventilation (Johansen, 1966; Todd, 1972; McMahon and Burggren, 1987) or air breathing (Johansen et al., 1968; Lomholt and Johansen, 1974) . Just as with aquatic CO 2 , some air-breathing fish show no response to increasing levels of CO 2 in inspired air Perry et al., 2008) while others show an increase (Smith, 1930; Delaney et al., 1974; Delaney et al., 1976; Delaney et al., 1977; Babiker, 1979) or even a decrease (Jesse et al., 1967) in ventilation of the air-breathing organ (ABO).
The equivocal nature of the data raises questions about the existence and role of internally oriented CO 2 /H + -sensitive chemoreceptors in driving gill ventilation in exclusively waterbreathing fish, as well as in driving gill ventilation or air breathing in facultative and obligate air-breathing fish. Clearly much remains to be done to resolve this issue. To date, this has not been examined in any air-breathing species and it will be intriguing to see to what extent similar trends appear in air-breathing holosteans, chondrosteans, teleosts and sarcopterygians. Studies to date regarding the presence of central CO 2 /H + -sensitive chemoreceptors in these groups are inconsistent. Central chemoreceptors have been unequivocally shown to be present in the sarcopterygian lungfish ), while there is evidence for their presence in chondrosteans [gar (Wilson et al., 2000) ] but not in holosteans [bowfin (Hedrick et al., 1991) ].
As a first step in this process, the aim of the present study was to determine the location and the orientation (internal/external) of the CO 2 /H + chemoreceptors involved in promoting cardiorespiratory responses in a teleost. For this we chose a facultative air breather, the neotropical jeju. We have recently shown that both the gill and air-breathing responses of the jeju to hypoxia involve internally and externally oriented chemoreceptors confined solely to the gills (Lopes et al., 2010 ) and here we extend these studies to hypercarbic responses. The jeju, Hoplerythrinus unitaeniatus [Teleostei, Erytrhinidae (Spix and Agassiz, 1829) ] is an active freshwater predator found in streams and shallow waters throughout South America. During periods of drought this species remains confined to marginal lagoons with stagnant hypoxic, hypercarbic waters for weeks to months. The ABO of jeju is the swim bladder, which is subdivided into an anterior and a posterior section. The posterior section is further subdivided into an anterior, richly vascularized respiratory portion and a non-respiratory posterior sac (for details, see Glass and Rantin, 2009) . As a facultative air breather, the jeju relies primarily on its gills for gas exchange, as long as the water is normoxic/normocarbic, but uses its ABO as a facultative option during severe environmental hypoxia/hypercarbia (Carter and Beadle, 1931; Farrell, 1978; Kramer et al., 1978; Smith and Gannon, 1978; Stevens and Holeton, 1978; Graham, 1997; Oliveira et al., 2004) . The operculum was reflected forward under a stereoscopic microscope (Opto SM 2001, Opto Electronics, São Carlos, SP, Brazil) and a small incision (2cm) was made in the epithelium above the first and second gill arches where they meet the roof of the opercular cavity. This allowed us to access and denervate the appropriate nerve branches to make up four experimental groups: an Intact group (I), consisting of non-operated animals (N7) and sham-operated animals (N3) that had their nerves exposed but not sectioned; an IX group (N10), consisting of animals having the branchial branch of the IXth cranial nerve sectioned; a G1 group (N10), consisting of animals having the branchial branch of the IXth and the first branch of the Xth cranial nerve sectioned completely denervating the first gill arch; and a G4 group (N10), consisting of animals having the branchial branch of the IXth and the branchial branches of the Xth nerves to all four gill arches sectioned. The visceral and cardiac branches of the vagus were kept intact. The healing process in jeju was rapid, and the incisions were covered with 'scar tissue' within about 24h. This species does not have a pseudobranch and all denervations were confirmed 'post mortem'.
MATERIALS AND METHODS

Experimental protocol Series 1: gill ventilation and associated cardiovascular changes
After recovering from the surgery, animals were placed in individual plastic tubes covered at both ends with mesh and placed in a large chamber with a constant flow of aerated water at 25°C where they remained undisturbed for a minimum of 24h before beginning the experimental protocol. In this series of experiments the fish did not have access to air to eliminate the confounding effects of air breathing on interpretation of gill ventilatory responses. Their cannulae were connected to pressure transducers to record Pbuccal and Pa, and to evaluate f R , V AMP , Pa and f H , respectively. The pressure transducers were calibrated manometrically, connected to pre-amplifiers and the outputs monitored and recorded with a data acquisition system (Dataq DI-194, DATAQ Instruments, Inc., Akron, OH, USA) recording at 125Hz per channel. The partial pressure of O 2 in water (Pw O2 ) was constantly monitored with an O 2 electrode (FAC 001) connected to an O 2 analyzer (FAC 204, FAC Instruments, São Carlos, SP, Brazil) , calibrated with a borax solution (0.01N) saturated with sodium sulphite and aerated water (Pw O2 0 and 140mmHg, respectively). The water pH was constantly monitored.
Injections of CO 2 -equilibrated solutions
Each intact or denervated fish (N40) was submitted to a series of internal (saline via the cannula implanted in the caudal vein) or external (water via the buccal cannula) injections of CO 2 -equilibrated solutions. Internal injections preceded external injections and were performed in the following order: (1) 0.3ml saline; (2) 0.3ml saline equilibrated with 5% CO 2 ; (3) 0.3ml saline equilibrated with 10% CO 2 ; (4) 0.3ml saline equilibrated with 20% CO 2 ; (5) 1.5ml water; (6) 1.5ml water equilibrated with 5% CO 2 ; (7) 1.5ml water equilibrated with 10% CO 2 ; and (8) 1.5ml water equilibrated with 20% CO 2 . Solutions (saline/water) were equilibrated to each CO 2 level by bubbling with gases of specific CO 2 percentages for about 15min. After each injection the cardiorespiratory variables were recorded for 3min or until the f R , f H and Pa returned to the preinjection values.
The pH values of each saturated solution were measured and the values (means ± s.e.m.) obtained were: 5.12±0.07 (saline + 5% CO 2 ), 4.90±0.02 (saline + 10% CO 2 ), 3.72±0.03 (saline + 20% CO 2 ), 5.63±0.02 (water equilibrated with 5% CO 2 ), 5.33±0.06 (water equilibrated with 10% CO 2 ), and 4.70±0.03 (water equilibrated with 20% CO 2 ).
Injections of acid solutions
To differentiate between the cardiorespiratory responses arising from the direct effects of CO 2 and the indirect effects of decreasing pH caused by the increases in CO 2 concentrations, both saline and water were titrated with HCl (3, 4 and 5nmoll -1 HCl, respectively) to reach the same pH values as those recorded for the hypercarbic solutions (for internal saline injections these were pH5.1, 4.9 and 3.7; for external water injections these were pH5.6, 5.3 and 4.7). These solutions were injected in the same sequence as for the CO 2 injections into the same group of animals (N40) and the cardiorespiratory variables were recorded following the same procedure.
Exposure to graded changes in environmental CO 2
After the internal and external injections, the same animals (N40) were exposed to different levels of environmental hypercarbia. These different hypercarbic levels were obtained by bubbling the water of a gas dispersion column with known CO 2 mixtures. The water was fully saturated after bubbling with each CO 2 concentration for 15 min. The water equilibrated with CO 2 was subsequently directed to the experimental tank. Fish were exposed to the CO 2 concentrations of 1, 2.5, 5, 10 and 20% for 15min each. The cardiorespiratory variables (f R , V AMP , f H and Pa) were recorded during the last 10min at each hypercarbic level (1, 2.5, 5, 10 and 20% CO 2 ). The pH of the water was also monitored with a pH electrode (Mettler-Toledo A1844, Mettler-Toledo AG, São Paulo, Brazil) connected to a pH meter (Quimis 400A; Quimis Scientific Apparatus, Diadema, SP, Brazil) and the values were: pH7.0-6.8 (normocarbia), 6.0 (1% CO 2 ), 5.8 (2.5% CO 2 ), 5.6 (5% CO 2 ), 5.3 (10% CO 2 ), and 4.7 (20% CO 2 ). The partial pressure of O 2 (P O2 ) levels during the hypercarbic exposures were: 137±0.05 (1%), 135±0.07 (2.5%), 130±0.06 (5%), 123±0.05 (10%), and 118±0.07 (20%)mmHg.
Exposure to graded changes in environmental acidification
A further group of animals (N10) was exposed to graded decreases in environmental pH. The different pH levels were obtained by titrating the water with HCl to reach levels equivalent to those measured during exposure to the different levels of hypercarbia; pH7.0-6.8 (normocarbia), 6.0 (1% CO 2 ), 5.8 (2.5% CO 2 ), 5.6 (5% CO 2 ), 5.3 (10% CO 2 ), and 4.7 (20% CO 2 ). They were exposed to each pH level for 15min and the cardiorespiratory variables (f R , V AMP , f H and Pa) were recorded during the last 10min at each level.
Series 2: air breathing
This series of experiments utilized an experimental setup similar to that described by Rantin and colleagues (Rantin and Kalinin, 1996; Rantin et al., 1998) to allow fish access to air. The system consisted of two chambers: an upper compartment, where the fish was kept during the experiment, and a lower compartment, serving to gas the water with CO 2 . The water was continuously recirculated from the lower to the upper compartment. The shape of the upper chamber allowed fish to remain on the bottom or move up to the surface to air breathe while restricting lateral movements. All cannulae were connected and instruments were calibrated as described above. Air breaths were measured from both the video recordings of the behavior of the fish as well as from the buccal pressure trace.
Exposure to graded changes in environmental CO 2 Individuals of all four groups of fish (I, IX, G1 and G4; N10 each) were subjected to progressive hypercarbia, as described above, and their air-breathing frequency and time spent in aerial respiration were quantified at each of the graded changes in CO 2 tension.
Exposure to graded changes in environmental pH
The group of animals (N10) exposed to graded decreases in environmental pH described above were also subjected to the same protocol in this experimental apparatus to determine whether there were any effects of environmental acidification, without changes in CO 2 concentration, on air breathing.
Data analysis
All procedures were carried out in sequence on the same day to maintain patent catheters and minimize time of cannulation, starvation, confinement, etc. The cardiovascular and respiratory variables were measured 10s before each injection and at 10, 20, 30, 40, 50, 60, 120 , 180 and 240s after each injection. The measurements of f H and f R are expressed as beatsmin -1 and breathsmin -1 , respectively. The total ventilation (V TOT ) was determined as V TOT V AMP ϫf R . V AMP , Pa and V TOT are expressed as the percentage change from basal resting levels. Air-breathing frequency and time spent in air breathing (i.e. at the surface engaged in air-breathing activity) are expressed in absolute values averaged over the last 10min of each exposure.
Data are presented as means ± standard error of the mean (±s.e.m.). Differences between initial levels of each variable and those following the injections or during the hypercarbic or acid exposures both within and between groups (intact and denervated) were determined using a two-way repeated-measures analysis of variance (ANOVA) followed by a Dunnett's multiple comparison test. The commercial package SigmaStat v3.0 (SPSS Inc., Chicago, IL, USA) was used to carry out statistical analyses, and the fiducial limit of significance in all cases was 5% (P<0.05).
RESULTS
Series 1: gill ventilation and associated cardiovascular changes The effects of selective denervation on resting cardiorespiratory variables
Progressive bilateral section of cranial nerve IX and branches of nerve X to the gills significantly elevated resting values of f H. There was a tendency for Pa to decrease with progressive denervation but this was not significant. There were no significant changes in any of the resting values for the ventilatory variables (Table1).
Injections of CO 2 -equilibrated solutions
Internal injections into the caudal vein of saline equilibrated with 5, 10 and 20% CO 2 produced small, transient increases in Pa, f R and V AMP and decreases in f H that were noticeably larger with increasing levels of CO 2 ; however, these measurements were never significant in either the intact or the denervated fish (data not shown). External injections of water into the buccal cavity equilibrated with 5, 10 and 20% CO 2 , however, produced a significant decrease in f H that became more pronounced and continuous with increasing levels of CO 2 (Fig.1A,C,E) . The responses were fast, peaking around 20-40s after the injections and returning gradually to basal levels by about 2min. This response was abolished by denervation of the IXth nerve alone at low levels of inspired CO 2 (Fig.1A) . It was reduced following denervation of the IXth nerve (IX group) and the first gill arch (G1) and abolished by total gill denervation (G4 group) at higher levels of inspired CO 2 (Fig.1B,C) .
The effects of buccal injections of water equilibrated with CO 2 on Pa are depicted in Fig.1B ,D,F. There was a progressive increase in blood pressure with injections of water equilibrated with increasing levels of CO 2 in the intact and IX groups. In the G1 group, a significant increase in Pa only occurred in response to 20% CO 2 and all injections failed to produce significant changes in the G4 group. Fig .2 illustrates the effects of external injections of water equilibrated with 5, 10 and 20% CO 2 on f R (Fig.2A ,C,E) and V AMP (Fig.2B,D,F) . While all levels of CO 2 injected produced significant increases in both variables in the intact group, only the injections equilibrated with 10 and 20% CO 2 produced significant effects in the IX group and, despite a tendency to increase, no significant effects were detected in the G1 and G4 groups. As a consequence of these responses, there was a significant increase in V TOT at all levels of injected CO 2 in the I and IX groups. There was also a significant effect of the 10 and 20% CO 2 injections in the G1 group but complete gill denervation eliminated the response to all CO 2 injections (Fig.3) .
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Injections of acid solutions
Internal and external injections of saline and water titrated with HCl to the same pH levels as the CO 2 injections failed to produce any significant changes in any of the cardiorespiratory variables (Table2).
The effects of hypercarbia (1, 2.5, 5, 10 and 20% CO 2 ) on f H and Pa of intact and denervated fish are presented in Fig.4 . In the intact fish, exposure to 1 and 2.5% CO 2 did not cause any significant change in f H or Pa; however, when the intact group was exposed to 5, 10 and 20% CO 2 , f H decreased and Pa increased significantly. This pronounced bradycardia and hypertension was also observed in the IX and G1 groups when exposed to the higher levels of CO 2 . Total gill denervation (G4) completely abolished the bradycardia and hypertension in fish exposed to all levels of CO 2 . Fig.5 reveals that progressive hypercarbia produced a bimodal response in all respiratory variables in intact and partially denervated fish but not in completely denervated animals. Thus, in the I and IX groups, f R and V AMP increased during exposure to 5% CO 2 , and there was a trend for these variables to increase in the G1 group such that V TOT increased in all of the I, IX and G1 groups. Subsequent exposure to 10 and 20% CO 2 , however, caused a significant decrease in the f R of the I, IX and G1 groups, to below starting levels. It also caused V AMP and V TOT to return to normocarbic levels (or below normocarbic levels in the case of V TOT for the G1 group) . Of note, f R , V AMP and V TOT of the completely denervated fish were maintained at normocarbic values throughout, indicating that both the initial increases in f R , V AMP and V TOT at 5% CO 2 as well as the subsequent decreases at the higher levels of CO 2 required intact branchial innervation.
Exposure to graded changes in environmental pH
Just as with the internal and external injections of saline and water titrated with HCl, exposure of fish to progressive decreases in aquatic pH to the same pH levels produced by the graded increases in CO 2 failed to produce any significant changes in any of the cardiorespiratory variables (data not shown).
Series 2: air breathing Exposure to graded changes in environmental CO 2
The effects of graded hypercarbia on aerial respiration frequency (f RA ) and time spent in aerial respiration (T RA ) are presented in Fig.6 . Fish did not perform aerial respiration in normocarbia nor when exposed to 1, 2.5 or 5% CO 2 . Aerial respiration, however, was recorded for all groups exposed to 10% CO 2 , although exposure to 20% CO 2 did not increase air breathing further. The number of breaths taken every 10 minutes was progressively reduced by increasing gill denervation. While the one breathe per 10 minute interval taken by the G4 group on 10% CO 2 was significant, it was not when these fish were exposed to 20% CO 2 .
Exposure to graded changes in environmental pH
Just as the exposure of fish to progressive decreases in aquatic pH (to the same pH levels produced by the graded increases in CO 2 ) failed to produce any significant changes in any of the cardiorespiratory variables, it also failed to produce any aerial respiration.
DISCUSSION Series 1: gill ventilation and associated cardiovascular changes Effects of the selective denervation on the cardiorespiratory variables
In both this and a previous study on jeju ( f H . Because progressive denervation removes both afferent and efferent innervation of the gills, it is difficult to determine if this post-denervation tachycardia is related to a decrease in the control of branchial vascular resistance, removal of sensory afferent information or both. However, the progressive denervation had no significant effect on any of the respiratory variables, suggesting that there is no significant sensory input arising from the gills under normoxic, normocarbic conditions modulating respiratory drive. Similar observations have been made by others on other species (Sundin et al., 1999; Reid et al., 2000) .
The CO 2 threshold for eliciting cardiorespiratory responses
The increase in aquatic CO 2 required to elicit a ventilatory response (the threshold level) varies greatly between species. Jeju, along with such species as eel, carp, tambaqui and traíra require fairly high levels of CO 2 (≥5% CO 2 ) before they respond Soncini and Glass, 2000; Sundin et al., 2000) , while others (zebrafish, trout) are very sensitive, responding to very small changes in aquatic CO 2 (<1% CO 2 ) (Thomas, 1983; Perry et al., 1999; Gilmour, 2001; Vulesevic et al., 2006) . It has been suggested that this reflects the tolerance of each species to CO 2 , with ventilatory responses to CO 2 only being elicited at environmentally appropriate levels (Gilmour, 2001) . Jeju experience hypercarbic waters when they are confined to marginal lagoons and ponds during yearly drought periods where pH may fall as low as 3.5 (Sioli, 1984) . Based on our data comparing (internal and external) bolus injections of CO 2 -equilibrated solutions with bolus injections of normocarbic solutions with identical pH, as well as comparing the results of the progressive graded changes in CO 2 with graded changes in acid solutions of identical pH, we can say unequivocally that jeju respond to changes in CO 2 per se and not to changes in extracellular [H + ]. Similar results have been shown for dogfish , salmonids (Janssen and Randall, 1975; Neville, 1979; Thomas and Le Ruz, 1982; , traíra and tambaqui . Although these receptors may only respond to changes in aquatic CO 2 and not [H+] , however, at the cellular level they may still do this by responding to CO 2 -induced changes in intracellular pH as has also been suggested in mammals (Gonzalez et al., 1994; Nattie, 1999) . Determining whether the responses of fish to increasing levels of aquatic CO 2 are due to stimulation of receptors that sense water versus blood has not been straightforward. Just as aquatic hypercarbia will lead to changes in the P CO2 (hypercapnia) of arterial blood in fish, external injections of CO 2 -equilibrated water into the buccal cavity may also diffuse into the gills and stimulate internal, blood-sensing chemoreceptors. By the same token, intravenous or intra-arterial injections of CO 2 -equilibrated saline may diffuse out through the gills and stimulate externally oriented, water-sensing chemoreceptors. For the most part, however, intra-arterial injections of CO 2 /H + fail to modulate any of the cardiorespiratory variables. While intra-arterial injections of CO 2 /H + stimulated ventilation in rainbow trout in some studies (Janssen and Randall, 1975; Aota et al., 1990; Gilmour and Perry, 1996) , in other studies they had no effect on ventilation in trout, or in dogfish, salmon, tambaqui and traíra (Gilmour and Perry, 1996; Reid et al., 2000; Sundin et al., 2000; . They also had no effect in jeju in the present study. These data strongly implicate water-sensing chemoreceptors as the primary, if not exclusive, source of sensory information giving rise to these responses. In this context, injections of the carbonic anhydrase inhibitor, acetazolamide, that lead to CO 2 retention and blood acidification also do not alter ventilation in dogfish, trout and tambaqui Perry and Reid, 2002; Gilmour et al., 2005) . A further implication of these results is that jeju lack central CO 2 /H + chemoreceptors involved in eliciting cardiovascular or gill ventilatory reflexes. This is totally speculative as it is also possible that the internal injections of CO 2 /acid stimuli were 'diluted' or buffered as the blood flowed from the injection site in the tail to the brain. While this is undoubtedly true for the CO 2 injections (the bolus of CO 2 could easily have been excreted across the gills), it is less likely for the acid injections and, to the extent that there is evidence for ventilatory responses arising from receptors responding to internal stimuli, there is a better correlation between the changes in ventilation and changes in arterial pH rather than arterial P CO2 (Heisler et al., 1988; Graham et al., 1990; Wood et al., 1990; Wood and Munger, 1994) . This conclusion remains to be directly tested.
What are the locations of the CO 2 -sensing chemoreceptors involved in the different cardiorespiratory responses?
In jeju, progressive denervation of the cranial nerves (IX and X) supplying the gill arches indicates that CO 2 /H + chemoreceptors are located exclusively in the gills because total gill denervation abolished all of the cardiorespiratory responses we evaluated. Similar results have been obtained in several other studies (reviewed by Milsom, 1995a; Milsom, 1995b; Milsom, 2002; Gilmour, 2001; Perry and Gilmour, 2002; Gilmour and Perry, 2007) .
Hypercarbia has now been shown to elicit bradycardia in several but not all species. It has been reported in dogfish (Kent and Peirce, 1978; , rainbow trout (Perry et al., 1999; Perry and Reid, 2002) , traíra tambaqui Florindo et al., 2004) and now jeju (present study). However, species like catfish (Burleson and Smatresk, 2000) , white sturgeon (Crocker et al., 2000) and American eel (Perry and Gilmour, 2002) do not display bradycardia in response to hypercarbia. Our data strongly suggest that the cardiac responses in jeju are mediated by receptors located on all gill arches, although all we can say for certain is that they are located on more than the first gill arch. This was also the case in traíra , although in trout and tambaqui the hypercarbic bradycardia was mediated exclusively by receptors located in the first gill arch Perry and Reid, 2002) .
Exposure to hypercarbia has also been shown to elicit hypertension in tambaqui and trout as it did here in jeju (Perry et al., 1999; Sundin et al., 2000; Florindo et al., 2004) but to elicit hypotension in traíra . Interestingly, the hypotension in traíra was eliminated by denervation of the IXth nerve alone while elimination of the hypertension required denervation of all gill arches in jeju, as well as extra-branchial receptors in tambaqui Florindo et al., 2004) . The hypertension has been attributed to a reflex increase in systemic vascular resistance in trout and tambaqui (Perry et al., 1999; Sundin et al., 2000; and to a reflex vasodilation in traíra . The basis and significance of the large inter-specific variability shown in this response remains unclear (Perry and Gilmour, 2002 Jeju significantly increased f R , V AMP and V TOT in response to 5% CO 2 in agreement with other studies in a variety of fish species such as dogfish, Scyliorhinus stellaris (Heisler et al., 1988; , skate, Raja ocellata (Graham et al., 1990; Wood et al., 1990) , rainbow trout (Kinkead and Perry, 1991; Gilmour and Perry, 1994; Perry et al., 1999) , catfish (Burleson and Smatresk, 2000) , traíra and tambaqui Milsom et al., 2002) .
Our data indicate that the ventilatory responses are mediated by chemoreceptors located primarily, if not exclusively, on the first gill arch. Those eliciting reflex increases in f R appear to be located on all gill arches in traíra and tambaqui while those eliciting reflex increases in V AMP in traíra may be located elsewhere in the orobuccal cavity Sundin et al., 2000) as has also been suggested for extra-branchial O 2 chemoreceptors (Hughes and Shelton, 1962; Butler et al., 1977; Sundin et al., 1999) . While exposure to 5% CO 2 stimulated ventilation in jeju, exposure to higher levels of CO 2 in the water led to a significant reduction in gill ventilation. It also stimulated air breathing (Fig.7 ). Similar responses occur in most air-breathing fish. While there have been some studies in which increases in environmental CO 2 were without effect on gill ventilation (Johansen, 1966; Todd, 1972; McMahon and Burggren, 1987) or air breathing (Johansen et al., 1968; Lomholt and Johansen, 1974) , in most species, significant increases in gill ventilation occur in response to low levels of aquatic CO 2 (<3%) (Johansen and Lenfant, 1968; Perry et al., 2005) while further increases in aquatic CO 2 (>2-10%) lead to inhibition of gill breathing and stimulate air breathing (Johansen et al., 1967; Johansen et al., 1970; Graham and Baird, 1982; Jesse et al., 1967; Graham, 1997; Sanchez et al., 2005) . While the high levels of CO 2 used in the present study might raise concerns about the possibility of the CO 2 producing anesthetic effects in these fish (Bernier and Randall, 1998) , the tight correlation between the decline in gill ventilation and the onset of air breathing suggests otherwise. Furthermore, the full expression of both required intact gills and the more intact the fish, the greater the initial response to low levels of CO 2 and the greater the depression with high levels of CO 2 . This suggests that the decline in gill ventilation was not a direct or depressive effect of the high CO 2 but was reflexively mediated. The lack of any further increase in air breathing on 20% CO 2 (indeed there was a small non-significant decline) and the further falls in the gill respiratory variables might reflect an interaction between central depressive effects and peripheral stimulation but the overall conclusions remain the same. Identifying the location of the receptors involved in producing this coordinated response is somewhat problematic. While complete gill denervation eliminated the depression in gill ventilation and air breathing in fish exposed to 20% CO 2 , there was still a very small air-breathing response (one breath every 10min or 20% of the response seen in intact fish) that was significant in the completely denervated fish breathing 10% CO 2 . These low levels of air breathing occurred in 5 out of 10 fish whose gill denervation was confirmed separately by two individuals. Three of the fish took only one breath every 10min while the remaining two fish took two and three. This indicates that a small percentage of the air breathing in response to hypercarbia is either mediated by extra-branchial chemoreceptors at some unknown location or by some non-specific stimulus. It should be noted that the bolus injections that were administered to determine the relative roles of internal versus external chemoreceptors were only administered to fish without access to air. Complete gill denervation eliminated all of these responses. This raises the possibility that the extra-branchial sites involved in producing the remaining air-breathing response could be internal. Wherever these receptors are located (and whatever they are responding to), however, their contribution is relatively small.
Just as with gill ventilation, comparing the results of the progressive graded changes in CO 2 with graded changes in acid solutions of identical pH on air breathing, we can say unequivocally that jeju respond to changes in CO 2 per se and not to changes in extra-cellular [H + ]. These data raise several intriguing possibilities, all of which remain to be tested. The first is that if aquatic hypercarbia is acting primarily, if not exclusively, via water-sensing CO 2 receptors in the gills, then either of two things must occur. The first is that low levels of afferent input stimulate gill ventilation initially but increasing levels of input are transformed centrally (in the brain) to excite air breathing and inhibit water breathing. The other is that there are populations of chemosensitive cells with different stimulus thresholds that project to different areas of the brain such that the input from the high threshold receptors overrides the input from the low threshold receptors to produce the switch to air breathing.
The second intriguing suggestion to arise from the data is that the receptors that give rise to air breathing in response to hypercarbia are different from those that give rise to air breathing in response to hypoxia. It has now been shown in jeju that internally oriented receptors sensing changes in O 2 levels in the blood play the predominant role in eliciting air breathing in response to hypoxia and that these receptors are exclusively located in the gills (Lopes et al., 2010) . Up until now, the majority of the data have indirectly indicated that the same receptor cells might be involved in sensing both hypoxia and hypercarbia, much as they do in the carotid bodies of mammals (e.g. Smatresk, 1990; Hempleman et al., 1992; West and Van Vliet, 1993; Gonzalez et al., 1994; Peers and Buckler, 1995; Kusakabe, 2002) . The current data would suggest that this is not necessarily the case. These intriguing ideas now need to be explored. 
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